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Abstract

Tumor cell invasion, whether penetrating through extracellular matrix (ECM) or crossing a 

vascular endothelium, is a critical step in the cancer metastatic cascade. Along the way from 

primary tumor to a distant metastatic site, tumor cells interact actively with the microenvironment 

either via biomechanical (e. g. ECM stiffness) or biochemical (e.g. secreted cytokines) signals. 

Increasingly, it is recognized that the tumor microenvironment (TME) is a critical player in tumor 

cell invasion. A main challenge for the mechanistic understanding of tumor cell–TME interactions 

comes from the complexity of the TME, which consists of extracellular matrices, fluid flows, 

cytokine gradients and other cell types. It is difficult to control TME parameters in conventional in 
vitro experimental designs such as Boyden Chambers, or in vivo such as in mouse models. 

Microfluidics has emerged as an enabling tool for exploring TME parameter space because of its 

ease in recreating the complex and physiologically realistic three dimensional TME with well-

defined spatial and temporal control. In this Perspective, we will discuss designing principles for 

modeling the biophysical microenvironment (biological flows and ECM) for tumor cells using 

microfluidic devices, and the potential microfluidic technology holds in recreating physiologically 

realistic tumor microenvironment. The focus will be on applications of microfluidic models in 

tumor cell invasion.

Graphical Abstract

Microfluidic model for the physical tumor microenvironment: intramural and interstitial flows, and 

the extracellular matrices (ECMs).
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Introduction

Cancer metastasis of solid tumors is a physical process where tumor cells generate sufficient 

forces to break away from the primary tumor, invade through the interstitial extracellular 

matrix (ECM), squeeze through vascular vessels, and establish a secondary tumor at a 

distant organ 1–3 (Figure 1). It is now well accepted that the tumor microenvironment (TME) 

plays an important role, similar to the genetic makeup of the tumor cells, in determining 

tumor cell invasiveness. While tumor genetics has always been the focus of tumor biology, it 

is only in recent decades that the critical roles of the TME have been recognized widely in 

the context of tumor cell invasion 4–9.

Broadly speaking, the complex TME can be classified into biochemical (e.g. cytokines 

secreted by cells and nutrients) and biophysical cues (e.g. fluid flows and ECM), as 

illustrated in Figure 1. Current tools for recreating the TME for tumor cell invasion are 

primarily Boyden chambers 10–12 and animal models 13–15. Boyden chambers are 

straightforward to use, but difficult to recreate the complex TME and only provide 

population level and endpoint results. Animal models, on the other hand, provide a 

physiologically realistic environment, but are low throughput and it is difficult to isolate 

individual TME components. Microfluidic models have emerged to fill this gap 16–21. 

Microfluidic models can allow for well-defined spatial and temporal arrangements of 

individual components of the TME, and facilitate quantitative analysis and mathematical 

modeling. In addition, they are compatible with optical imaging, enabling studies of single 

and collective cell dynamics in real time. We note that dynamic analysis is important for 

tumor cell invasion studies because heterogeneity and plasticity are hallmarks of cancer 
22–24. In this Perspective, we will focus on recent progress as well as future direction in the 

development of microfluidic devices for studying the roles of biophysical cues, specifically, 

biological flows and ECM, in driving tumor cell invasion. For microfluidic developments in 

the analysis of biochemical cues with applications in tumor cell invasion, please refer to 

recent excellent review articles 16, 25–27.

Biophysical drivers in tumor cell invasion

Intramural flow in tumor cell invasion

Biological flows are ubiquitous in living systems and generally can be classified into 

intramural flows (blood and lymph flow) and interstitial flows (see Figure 1 and Table 1). 

Blood flow follows the large scale anatomical pattern, mainly aorta and arteries, with high 

flow speed in the order of tens of centimeters per second 28, and branches out to smaller 
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scale arterioles and capillaries with lower speed, ranging from a few centimeters to a few 

hundred micrometers per second 29. In addition to nutrients and oxygen transport, shear 

stress from blood flow is known to be a critical regulator in vascular physiology 30 and 

morphogenesis during development 31–33, and is tightly linked to endothelial cell function 
34–37. Lymph flow, on the other hand, is several orders of magnitude smaller than blood 

flow, and has been reported to be on the order of a few millimeters per second in lymphatic 

vessels 38 and tens of micrometers per second in lymphatic capillaries 39.

Blood/lymph flow within the TME is aberrant and their roles in tumor cell invasion are 

largely unknown (see Table 1). Similar to normal tissue, blood flow in the TME is essential 

for tumor perfusion and growth. Different from the flow in normal tissue, blood flow in the 

TME is difficult to predict because of its dynamic nature. Blood flow rates within the TME 

are known to change with the abnormal growth of vascular vessels through angiogenesis, the 

physical stress from the fast growing tumor mass, and altered ECM mechanical properties. 

In addition, the blood vessels within the tumor are torturous, and often lack functional 

pericytes, basement membrane, and tight endothelial cell junctions 40–42. Lymph flow within 

the TME has received much less attention, but is found to be elevated in contrast to healthy 

tissue 43.

The roles of blood/lymph flow in tumor cell invasion are often attributed to the shear force 

regulation at the interface with endothelial cell (EC) layers. In order to disseminate to a 

distant organ, tumor cells must use the blood or lymphatic vessels as a conduit, and thus 

need to cross the EC layer 44–46. Tumor cells are unlikely to enter/leave via the aortic or 

arterial vessels as those vessels have thicker walls and high shear stress. In contrast, blood 

capillaries with thinner walls and lower shear stress are more likely to physically trap 

circulating tumor cells for subsequent extravasation 3, 44, 47. In parallel, lymphatic capillaries 

with significant slower flow at the host tissue are also sites where tumor cells prefer to reside 
48. Taken together, flow shear stress critically regulates the physiology of the vascular EC 

layers, and impacts on tumor cell invasion.

Interstitial flow in tumor cell invasion

Interstitial flow is a slow fluid movement through the interstitial space driven by hydrostatic 

and osmotic pressure differences between the arterial and venous or arterial and lymphatic 

vessels 49, 50. First measured by the Jain lab using the fluorescence recovery after photo 

bleaching (FRAP) technique, the flow speed associated with interstitial flow is typically on 

the order of a few micrometers per second in normal tissue 50. While the main function of 

interstitial flow has long been known to drain waste fluids to the lymphatic system, recently 

it has been shown to regulate vascular morphogenesis 51–53.

Interstitial flow within the TME is elevated due to the heightened interstitial fluid pressure 
54, 55 (Table 1). High interstitial fluid pressure in the TME, in part, is a result of the fact that 

excessive interstitial fluids could not be absorbed by the compressed non-functional 

lymphatic vessels within the tumor. It has been reported that the pressure is particularly high 

within a malignant tumor, and drops steeply at the tumor-host tissue interface 55, 56. For 

nearly three decades, high interstitial fluid pressure has been an important biomarker for 
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tumor progression and a significant obstacle for cancer therapeutic delivery into the tumor 
57–60.

Recently, the physical consequence of elevated and excessive interstitial fluid flow outward 

from the tumor to the host tissue has been investigated in the context of tumor cell invasion 

using in vitro models 61–63. Using a modified Boyden chamber, the Swartz lab discovered 

that interstitial flow can guide tumor cell invasion along the flow direction. The unique 

feature of interstitial flow is that it operates in a region where the Peclet number (convective 

versus diffusive transport) is close to one. In other words, the transport of secreted cytokines 

is governed by both convective flow and diffusion. Computation of cell secreted cytokine 

transport shows that interstitial flow leads to flow-induced spatial gradients of secreted 

cytokines 52. One example is the spatial gradients of lymphatic chemokine CCL19/21 along 

the flow direction, and breast tumor cells were discovered to follow the flow/gradient 

direction using a modified Boyden Chamber model 61. More recently, interstitial flow was 

found to directly impact tumor cell mechanotransduction via CD44 in brain tumor cells 64 

and via integrins in breast tumor cells 65. Interstitial flow also has been shown to promote 

tumor cell invasion via stromal cell mediated matrix remodeling within the TME 66. In 

summary, mounting evidence demonstrates that interstitial flow critically modulates tumor 

cell invasion behavior.

Extracellular matrix in tumor cell invasion

The extracellular matrix (ECM) is a major physical component that surrounds and penetrates 

solid tumors. Important physical ECM characteristics that are critical for tumor cell invasion 

include ECM overall stiffness and architecture 67, 68. Stiffness, contributed mainly by dense 

and cross linked ECM fibrillar structures, is a prognostic and risk factor for breast cancer 

patients 69, 70. Similarly, increasing evidence demonstrates that stiffer ECM promotes tumor 

cell invasion in in vitro assays 5, 71. It has been found that malignant tumor cells and tumor 

associated stromal cells secret collagen, which contributes to dense fibrillar structures 71. 

They also express enzymatic cross linkers, such as lysyl oxidase, which increase the overall 

stiffness of the ECM 72, 73. Breast tumor has been reported to be twenty times stiffer than the 

normal breast tissue 5.

Recent developments in intravital imaging reveal that tumor ECM is highly heterogeneous in 

space, and evolves with time 74–76. This is not surprising because tumor and stromal cells 

are known to actively pull onto the ECM, and thereby remodel the ECM architecture 
66, 77, 78. Collagen bundles have been reported to align perpendicularly to the tumor 

periphery, possibly by active tumor and stromal cell contraction, facilitate collective tumor 

cell invasion and correlate with malignancy 79, 80. Micro-tunnels, hollow micro-sized tunnels 

with diameter range of 1–30 μm, were recently observed to provide tumor cells fast moving 

pathways both in vitro and in vivo 81–83. These hollow micro-sized tunnels are created by 

the degradation of collagen matrices via matrix metalloproteinase (MMP) secreted by the 

tumor and stromal cells. In the context of ECM architecture, the three dimensional nature of 

the ECM has been discussed extensively in the cell migration community and can be a 

critical regulator of cell migration 84–86.
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Microfluidic modeling of the biophysical parameters in the tumor 

microenvironment

Microfluidics has emerged to model the TME because of its tight control of flow rates 

within a 3D ECM. A good microfluidic model needs to be able to recreate blood/lymphatic 

vessels of appropriate physiological size and shape within a 3D ECM, with controlled flow 

rates. In addition, the microfluidics should be robust and high throughput. Here, we discuss 

current efforts in modeling the biophysical aspects of the TME using microfluidic devices. 

The goal is to create on chip vascular vessels and ECM with architecture, dimensions and 

flow rates closely mimicking the in vivo measurement results (see Table 1). We emphasize 

the mathematical modeling of the flow rates/shear stress within the microfluidic platform 

using the relevant physical parameters including vascular permeability of endothelium layers 

and hydraulic conductivity of ECM (see Table 2).

Microfluidic models for intramural flow in tumor cell invasion

A critical step for modeling intramural flow in the context of tumor cell invasion is to 

engineer a perfusable and functional vascular tube/network within a 3D ECM. Motivated by 

the development of vascularized biomaterial, early work began with the engineering of an 

EC tube in one single microfluidic channel within dense type I collagen matrices. The 

microfluidic channel was created through a micro-molding method, in which a hypodermic 

needle or a microfabricated PDMS positive channel feature was used as a template, and 

hydrogels as molding materials. After removing the template, endothelial cells were 

introduced into the channel and formed an EC monolayer 87–92. A recent alternative method 

for creating a single EC tube is through introducing a less dense fluid into a dense fluid (un-

polymerized collagen) via a process known as viscous fingering 93–95. This method does not 

require microfabrication thus is cost effective, the downside being that it lacks precise 

control over the size of the vessel.

More complex 3D vascular networks embedded within synthetic or naturally derived 

matrices have been developed recently using a sacrificial method 96–100. Here, one first 

creates an interconnecting fiber network using either microfabrication or 3D printing with 

sacrificial materials that are compatible with cell culture (e.g. gelatin and carbohydrate 

glass). The polymerized gelatin or solidified carbohydrate glass fiber network is then 

submerged within synthetic or naturally derived gels. After removing the sacrificial layers, 

ECs are introduced into the network to form lumens. We note that autonomous formation of 

microfluidic vascular networks by placing ECs in biomatrices along with a set of well-

defined reagents and/or fluid flow that promote angiogenesis 101–103 and lymphagiogenesis 
104 have been successful and been used in the context of drug delivery. This method can 

potentially be introduced for the purpose of tumor cell invasion.

An important way that intramural flow regulates tumor cell intravasation/extravasation is 

through the alteration of EC layer integrity and permeability via flow induced shear stress 

(See Table 2). A key parameter that is commonly used to characterize the transport of solute 

across an endothelium layer is the permeability coefficient, P(cm/s), which is defined as Js/

∇C, where Js (g/cm2/s) is the solute flux through an unit area, ∇C (g/cm3) is the spatial 
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gradient of solute concentration. In Table 2, we list permeability of both blood and 

lymphatic vessels measured in healthy and tumor tissues. It is interesting to note that one in 
vivo study by Gerlowski et al. revealed that the vascular permeability is significantly 

increased in tumor compared to normal vasculature 105, echoing the notion that tumor 

vasculature is leakier than healthy vasculature. We also note that error bars for these 

measurements are typically large. Looking forward, the microfluidic platform allows us to 

make precise spatial arrangement of solute concentration, obtain temporal information of the 

concentration field, and thus has the potential to improve the permeability measurements in 

the future.

Shear stress from the intramural flows are known to alter EC permeability as well as 

integrity. Flow induced shear stress has been reported to increase the barrier function or 

lower the permeability coefficient of the EC layer 92, 106, 107 and suppress VEGF-driven EC 

sprouting 108. Progress has been made to incorporate tumor cell laden ECM into a single 

engineered microfluidic blood vessel or vascular networks for dynamic tumor trans-

endothelial migration 89, 92, 107, 109–111, making it possible to examine quantitatively the 

impact of intramural flow on tumor cell invasion. Using a microfluidic model, we have 

learned that blood flow through the capillaries reduces tumor cell extravasation rates 107. 

This is not surprising because the EC layer junction is strengthened under flow shear stress, 

and increases its ability to prevent transmigration. It is interesting to note that lymph flow on 

the other hand, promotes intravasation using a flow chamber modified from the Boyden 

chamber 112. This discrepancy can likely be explained by the differential responses of blood 

and lymphatic vessels to flow shear stress. In this context, a tight control over the flow rates, 

in which microfluidic models have the advantages over other conventional models, will 

allow us to gain a deeper understanding of the impact of intramural flow on tumor cell 

transmigration.

Microfluidic models for interstitial flow in tumor cell invasion

Broadly speaking, there are two types of assays for creating interstitial flows. One is the 

modified Boyden Chamber assay and the other is the microfluidic platform (See Fig. 2). The 

modified Boyden Chamber assay uses a commercially available platform, and is 

straightforward to implement, but results are population based and end points. The 

microfluidic platform, on the other hand, allows for dynamic and single cell imaging, but is 

typically difficult to make, requiring engineering training for the users. Here, we discuss the 

evolution of several platforms developed to date for creating interstitial flows. We will 

highlight biological insights gained using these platforms in the context of tumor cell 

invasion.

Pioneering work on roles of interstitial flows in tumor cell invasion was carried out in a 

modified Boyden chamber 61. A layer of tumor cell embedded biomatrix was introduced into 

the insert of a Boyden chamber. Interstitial flow is gravity driven, facilitated by the fluid 

level difference between the fluid within the insert and the cup surrounding it (Fig. 2A). 

Type I collagen, a main structural component of mammalian tissue, has been used in most of 

the current studies for its ability to mimic in vivo ECM architecture and compatibility with 

cell invasion assay 83. In addition, the mechanical properties 78, 113, 114 and specific 
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hydraulic conductivities (see Table 2) of collagen gels have been studied and documented 

extensively in the literature from the biomaterials community. Here, the readout is the 

number of cells transmigrated through the porous membrane. Using the modified Boyden 

chamber, a number of biological insights have been gained 61, 63, most notably the 

autologous chemotaxis of breast tumor cells mediated by flow induced lymphoid chemokine 

gradients.

Although the modified Boyden chamber assay is straightforward to use, the results are 

population based and end points. One of the hallmarks of tumor cells is the heterogeneity of 

a single cell population. It is thus important to develop assays that are amenable to single 

cell analysis. Microfluidic platforms have emerged to model interstitial flows. A critical 

component for modeling interstitial flow through 3D ECM in a microfluidic platform is to 

confine natively derived or synthetic ECM within an area where fluid flow can be applied 

through the ECM in a controlled way. To create a microfluidic platform for tumor cell 

invasion in the presence of interstitial flow, a number of labs have developed unique 

microfabrication methods to pattern type I collagen in a three parallel channel configuration 
65, 115–118. The common feature of all the devices is to develop micro-patterned structures to 

confine biomatrices in designated places. In the work of Hassler et al. or Polacheck et al., 
tumor cells embedded in collagen (unpolymerized) are introduced into a channel lined with 

two parallel lines of micropillars (see red or green channel in Figure 2. B and C). Interstitial 

flow is introduced in the horizontal direction after gel polymerization. This configuration has 

advantages over the early engineering method for vascular tube using micro-molding 

method for its flexibility of the channel layout, and also for its ease of integrating tumor 

cells within ECM. The use of spaced micropillars utilizes surface tension to confine the un-

polymerized collagen solution, while leaving space between the micropillars for interstitial 

flow to pass through the polymerized collagen matrices. This method offers robust 

confinement of the ECM, but the micropillars block a significant amount of the flow and 

complicate the spatial distribution of the flow field (see right panel in Figure 2. B). To 

overcome this limitation, our lab confined cell-embedded collagen using a contact line 

pinning method 117, 118. In our work, parallel PDMS microridges (or contact lines) with a 

cross section of 10 μm by 5 μm were fabricated to confine collagen within a wall-less 

channel. This method allows interstitial flow to run through the collagen matrices with over 

80% spatial uniformity in the area of interest. For details of the device designs, see Figure 

2D.

Darcy’s law is often useful for computing interstitial flows during the device design stage. 

For a given layout of the device, one can compute accurately the flow rates in different parts 

of the channels by applying the Brinkman equation in a multi-physics software package such 

as COMSOL. A key parameter required is the hydraulic conductivity, K′, of the biomatrices. 

Hydraulic conductivity is defined through Darcy’s law, K′ = J/∇P, where J is the fluid flux, 

∇P is the spatial pressure gradient. Because of the small dimension of the system, fluid flows 

are slow, and Darcy’s law is typically valid 117. Values of hydraulic conductivity of healthy 

and tumor tissue, as well as reconstituted ECM are listed in Table 2. We note that hydraulic 

conductivity times fluid viscosity, K′η, named specific hydraulic conductivity (K), is 

typically reported in in vitro ECM measurements.

Huang et al. Page 7

Lab Chip. Author manuscript; available in PMC 2018 September 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Using the microfluidic platform developed, we have started to learn how interstitial flows 

modulate tumor cell heterogeneity and plasticity. This information is difficult to obtain in 

population level assays such as the Boyden Chamber assay. Haessler et al. showed that 

interstitial flow at flow speed of 10 μm/s enhanced a subpopulation of breast tumor cell 

migration, highlighting the heterogeneous nature of tumor cells within a single population 
116. Work in our lab demonstrated that interstitial flow at flow speed of 2 μm/s promotes 

amoeboid over mesenchymal motility of breast cancer cell invasion by carrying away 

adhesion molecules such as fibronectin. Cells lacking adhesion contacts prefer to migrate via 

amoeboid motility 118. These studies revealed critical information on how interstitial flow 

influences tumor cell invasion at the single cell level and the dynamic interaction of tumor 

cells with their environment. The Kamm lab learned that interstitial flow can impact tumor 

cell migration directly via chemosensing or mechanosensing molecules. In the case of 

chemosensing, Polacheck et al. demonstrated that interstitial flow at flow speeds of 0.3 and 

3.0 μm/s induced directional migration of breast tumor cells along/against the flow direction 

in a chemokine receptor CCR7 dependent manner 115. In later work from the Kamm lab, 

they reported that the directional migration of breast tumor cells along/against interstitial 

flow was triggered by mechanosensing molecules 65.

Taken together, quantitative understanding how interstitial flow impacts tumor cell invasion 

within 3D ECM has just begun. Results from these studies are far from converging into a 

coherent theoretical understanding. Current reported results are very sensitive to 

experimental conditions, and differ from lab to lab. In particular, it is known that the 

conditions under which collagen is polymerized is critical in determining collagen fiber 

architecture, including PH 119, polymerization temperature 120, as well as the actual reagents 

used. It is thus of paramount importance to carefully record all the detailed cell culture 

condition for an eventual unified understanding. Looking ahead, many questions remain to 

be explored. The comparative roles of chemosensing or mechanosensing in the presence of 

interstitial flow remain to be investigated, as well as whether interstitial flow drives 

collective cell migration 121. The latter is important because increasing evidence has 

suggested that collective cell migration may contribute to cancer cell survival and successful 

metastasis 122–124. Current studies are limited to mainly breast tumor cells, but similar 

microfluidic platforms can be easily extended to study other cell types such as brain tumor 

cells 63, 64 and ovarian tumor cells 125.

Microfluidic models for coupling intramural and interstitial flows in tumor cell invasion

In vivo, both interstitial flow and intramural flow coexist. Recent progress has been made in 

recreating both interstitial and intramural flows within one experimental setup in the context 

of tumor cell invasion. Tung et al. developed a microfluidic device that allows for the 

introduction of intramural flow, and at the same time controlling interstitial flow. This device 

can potentially be used to study tumor cell invasion and transmigration in the present of both 

flow types 117. The Swartz lab developed an experimental platform that integrates a Boyden 

chamber and a flow channel, in which interstitial flow was introduced through the Boyden 

chamber and intramural flow was introduced through a flow channel underneath the Boyden 

chamber 112. Using this platform, they revealed for the first time that interstitial flow and 

lymph flow synergistically increase tumor cell transmigration rates through lymphatic 
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vessels. We note that currently, microfluidic platforms that include both interstitial and 

intramural flows for tumor cell transmigration are at early stages of development.

Microfluidics for modeling ECM architecture in tumor cell invasion

Microfabricated devices provide a unique opportunity for decoupling the contributions of 

individual ECM properties (e.g. alignment and pore size) from tumor cell invasion, enabling 

a mechanistic understanding of cell-ECM mechanical interactions.

Two important features within the TME that promote fast and persistent tumor cell invasion 

are aligned collagen fibers and embedded hollow micro-sized tunnels. To investigate 

molecular mechanisms that cells use to migrate along 1D collagen fibers, synthetic 1D 

tracks have been fabricated, including nano/microfabricated topographic lines and 

fibronectin lines that have line widths ranging from submicrometer to tens of micrometers 
84, 126, 127. While these engineered lines are straightforward to produce and easy to 

manipulate, the disadvantage is that these lines are made on a 2D surface which do not 

recapitulate the 3D in vivo situation where cells are supported by fiber network around all 

surfaces. Alternative methods have been developed to circumvent this limitation. One way of 

producing aligned collagen fibers within a 3D ECM is to use shear stress. One can flow un-

polymerized collagen through a micro-sized channel in microfluidics, and the flow shear 

force has been shown to be able to align collagen fibers along the flow direction 128–131. A 

second method is to flow a less dense collagen solution (low concentration) into a dense 

solution (Matrigel solution at high concentration) within a channel to form aligned collagen 

fibers at the gel interface 132. A third method is to repeatedly stretch and relax a collagen 

fiber network already polymerized on a 2D substrate 133. Recently, self-assembled micro-

sized magnetic bead strings embedded within hydrogel have been used as mimics of 3D 

collagen fibers for the purpose of tumor cell invasion studies 134. These studies revealed that 

alignment promote directional cell migration by limiting the cellular protrusion sites within 

the line/fiber or contact guidance. In addition to 1D topography, confined micro-tunnels have 

been discussed extensively as a highway for tumor cell migration recently. Microfabricated 

tunnels/channels surrounded by collagen provide a controlled way to study molecular 

mechanisms that cells use to migrate through these tunnels. Interestingly, MMPs are 

required for making these micro-tunnels in the first place, but then existing microfabricated 

tunnels facilitate MMP independent tumor cell invasion 135, 136.

A limiting factor for tumor cell migration within the 3D ECM network is the nucleus, which 

is the stiffest part of a cell. It has been reported that tumor cells fail to migrate when their 

nucleus size is larger than the ECM pore size 137. To understand the nuclear mechanics, 

microfluidic models have been developed to precisely mimic the constrictions presented to 

the cells by the ECM pores. Here, an array of micropillars with a few micrometers spacing is 

fabricated on a substrate 138–140. Nuclear envelope rupture and DNA damage is observed 

when tumor cells squeeze through gaps with spacing smaller than the nucleus. Interestingly, 

the majority of tumor cells are seen to self repair and survive 140, 141.

With the rapid progress in biomaterials, we can now fine tune the stiffness of type I collagen 

as well as its architecture individually or together, enabling a mechanistic understanding of 

the role of mechanical properties of ECM in tumor cell invasion. Increasing collagen 
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concentration is a simple and straightforward method for increasing gel stiffness, however, 

this generates significant smaller pore sizes at the same time 137, 142, 143. A number of other 

techniques have been developed to increase the collagen stiffness without altering the 

concentration, they include varying polymerization temperature 120, 144 and pH 119, 

nonenzymatic cross-linking of the fibers 145, 146, and applying mechanical tension 129, 147. 

Future development requires integrating these biomaterial manipulation techniques with 

microfabricated device to pattern precisely the matrix stiffness or pore size in space for high 

throughput studies of tumor cell-ECM interactions.

Opportunities, challenges and future perspective

The biophysical microenvironment critically regulates tumor cell invasion. To date, the 

majority of the cell and drug screening experiments in vitro are carried out in static 

conditions, whereas biological flows are everywhere in the human body. Incorporating flows 

in tumor cell invasion experiments and beyond could potentially revolutionize our 

understanding in cancer biology. One can foresee the incoming impact will be similar to the 

impact brought by using 3D ECM in comparison to 2D platform for in vitro tumor cell 

invasion studies. Looking ahead, several challenges require our immediate attentions.

Recapitulating the complex tumor biophysical microenvironment

Microfluidic models have enabled us to learn the individual roles of ECM mechanical 

properties, intramural and interstitial flows in tumor cell invasion. However, synergistic roles 

of multiple biophysical factors remain to be explored. Microfluidic devices provide a unique 

opportunity here, because one can easily introduce biophysical parameters into the platform 

in a reconfigurable way. An example of such a device is illustrated in Fig. 3, where 

biophysical parameters including intramural and interstitial flows can be added or subtracted 

with ease. Here, two vascular vessels are created mimicking blood and lymphatic vessels 

respectively, with tumor cells embedded within ECM placed adjacent to the vascular vessels. 

In this platform, one can fine tune intramural, interstitial flows and ECM stiffness or pore 

sizes while observing tumor cell dynamic behavior at the same time. This capability allows 

for a basic understanding of how these three physical parameters synergistically influence 

tumor cell invasion within a complex and well-defined TME.

Biochemical environments such as cytokine gradients are traditional driving forces for tumor 

cell invasion, and are coupled with the biophysical environment. Towards this end, it will be 

important to first learn how biochemical gradients influence tumor cell invasion 148, and 

incorporate this information into the biophysical models proposed. Microfluidic models such 

as the one shown in Figure 3 can be easily used to generate cytokine gradients to meet this 

purpose. For example, we can flow cytokine and buffer respectively into the arteriole and 

venule channels, and a cytokine gradient can be established within the tumor embedded 

ECM space. The integration of biochemical and biophysical environments will be an 

important step towards a physiologically realistic microfluidic model.
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Creating robust and highly reproducible platforms

Despite the aforementioned many advantages of using microfluidic models, microfluidic 

technology is still at an early stage, and is not widely accepted by many cancer biology labs. 

The bottlenecks are availability, ease of use, robustness and reproducibility. Most 

microfluidic models require engineering training for their use. To make a higher impact in 

cancer biology, it is important to design devices that are simple in concept, easy to use, and 

compatible with conventional biology labs. Partnering with industry is one possible route to 

make microfluidic models available to wider communities 19. Various agencies such as 

National Institute of Health provide special funds (e. g. SBIR) to encourage industry/

academy partnerships. It is commendable that many research groups have now taken the lead 

in translating their microfluidic tools into the commercial space. Recent development in 3D 

printing technologies enables production of assembly-free microfluidics and eliminates the 

need of microfabrication for devices at micrometer or millimeter length scale 149. For ease 

of use, applying the physical principle of fluids (viscous fingering) to make an EC tube or 

vascular network within a channel is an alternative method to fabricating complicated 

features on a device 93. In addition, a design with gravitational driven flow will be more 

favorable than using pumps to create biological flows through a channel.

Developing quantitative analysis tools for understanding cell-environment interaction

Microfluidic devices allow us to collect large amounts of quantitative information. However, 

to make sense of the data, or to come up with a theoretical framework of the subject being 

investigated, it is important to develop quantitative analysis tools. For understanding the 

roles of physical parameters in tumor cell invasion, one useful tool is to track tumor cells in 

3D in an automatic way. Commercial software such as Imaris has made significant progress 

in this direction, however, it still cannot handle the dynamic variability of tumor cells. A 

particularly difficult situation is when a cell dynamically changes its shape and merge and 

then dissociate with another cell in a trajectory - the tracking program does not have the 

ability to follow the cells. Recent advances in computer vision and machine learning could 

potentially resolve tracking of the shape and position of the moving cancer cells in space and 

time. A second tool is cell traction force measurements in 3D. The key regulator for cell-

physical environment interaction is cell generated force. A number of 3D single cell traction 

force microscopy methods have been developed for measuring cell generated forces, but are 

far from easy to use, and are limited to a few labs around the world at the moment 
78, 150, 151.

Outlook

Cancer cells are known to be heterogenous phenotypically and genetically. The altered 

tumor physical microenvironment, e.g. matrix spatial restriction 152, is a highly relevant 

contributor to the phenotypic and genetic instability of the invading tumor cells. An ultimate 

solution to the problem is to reveal molecular and cell level information simultaneously with 

a controlled microenvironment at single cell level. Recent developments in biosensors 

(mechanosensors and chemosensors) has made this possible. In addition, microfluidics with 

on chip polymerase chain reaction capability can be incorporated to further study the gene 

expression for those invading single tumor cells 153, 154. This platform will be powerful to 
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illustrate the link between gene expression, molecular signaling, and phenotypes of single 

cancer cells and the altered biophysical microenvironment. Finally, to make an impact in our 

understanding on how biophysical cues in tumor cell invasion, a close collaboration among 

microsystems engineers and cancer biologists is critical for moving this field forward. This 

will require both parties to explore outside their field, attend meetings that they don’t 

normally go to, and not be afraid to ask questions.
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Figure 1. 
Important biophysical parameters in the tumor microenvironment (TME): intramural (blood 

and lymph) flows, interstitial flow, and the architectural support of extracellular matrices 

(ECM). Important biochemical parameters: cytokine gradients, nutrients, and oxygen, and 

multiple other cell types (stromal, immune, and endothelial cells).
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Figure 2. 
Modeling interstitial flows in tumor cell invasion studies. A, Modified Boyden chamber 

platform. Tumor cell embedded biomatrix is introduced into a Boyden Chamber insert, 

which is placed in a well. The gravitational pressure, provided by the fluid level difference 

between the fluid within the insert and that in the surrounding well, drives the interstitial 

flow. The invasion rate is marked by the number of cells transmigrated through the porous 

membrane at the bottom of the insert. B,C,D: Three different microfluidic platforms for 

modeling interstitial flows. B. In this device, lines of pillars with circular cross section of 

diameter 500 μm are used to confine collagen. Interstitial flow is driven by gravity along the 

horizontal direction. Numerically simulated flow field is shown in the right panel of B. C: In 

this device, lines of square pillars, each with a cross section of 250 μm x 250 μm, are used to 

confine collagen. Gravity driven flow is introduced horizontally across collagen matrices. D: 

In this device, contact lines with cross section of 10 μm x 5 μm are used to confine collagen 

within the cell channel. Interstitial flow is introduced using a syringe pump in the horizontal 

flow channel. Image on the right side of panel A is reproduced from reference 61, with 

permission from Elsevier. Images in B are reproduced from reference 116 with permission 

from the Royal Society of Chemistry. Images in C are reproduced from references 65, 115 
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with permission from the Proceedings of the National Academy of Sciences, and images in 

D are reproduced from reference 118 with permission from the Royal Society of Chemistry.
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Figure 3. 
Illustration of a microfluidic model recreating the biophysical microenvironment for tumor 

cell invasion studies. ECM or tumor cell embedded ECM (pink) is introduced into three 

wall-less channels confined by contact lines (yellow rectangular, not to scaled). Blood vessel 

(red) and lymphatic vessel (green) are formed by growing a layer of blood and lymphatic EC 

cells respectively. Blood and lymph flows are introduced into two vascular vessels (direction 

marked by x), and interstitial flow is introduced horizontally (direction marked by an arrow).
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Table 1

Intramural and interstitial flow rates and vessel diameters measured in healthy tissue using animal models, and 

in tumors using both animal and human models.

Healthy tissue Tumor

Intramural flow

Arterioles: 29

diameter 15–60μm: 7–12 mm/s
Capillaries: 29

diameter 5μm: 0.2 mm/s
Venules: 29

diameter 18–72μm: 0.2–2.4 mm/s
Microlymphatic vessels: 38

diameter 100 μm: 1–7 mm/s
Lymphatic capillaries: 39, 155 diameter 55 μm: 0–29 μm/s

Blood vessels in mammary carcinoma: 156

diameter 7–63μm: 0–0.8 mm/s
Blood vessels in glioma:
diameter 8–55μm: 0–0.5 mm/s 156

diameter 1–100μm: 0.001–10 mm/s 157

Blood vessels in adenocarcinoma: 158

arterioles 9–10μm: 0.59–0.7 mm/s
capillaries 6–8μm: 0.09–0.27 mm/s
venules 10–26μm: 0.09–0.22 mm/s

Interstitial flow Rabbit ear tissue: 50

0.59±0.16 μm/s

VX2 carcinoma: 0.55 ± 0.16 μm/s 50

C6-pTET-VEGF tumor: 0.1–0.5 μm/s 159

Cervical carcinoma: 1–7 μm/s 55

Melanoma: 1–9 μm/s
Nonmetastatic squamous carcinoma: 5–25 μm/s
Metastatic squamous carcinoma: 10–55 μm/s
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Table 2

Vascular permeability and hydraulic conductivity of ECM measured in vivo and in vitro. Vascular permeability 

(or permeability coefficient across an endothelium layer), P, is the ratio of solute flux and solute concentration 

gradient across the endothelium layer 169. Hydraulic conductivity, K′ is the ratio of fluid flux and pressure 

gradient as defined in Darcy’s law. Specific hydraulic conductivity (K) is K′η, where η is the fluid viscosity.

In vivo
In vitro modeling

Heathy tissue Tumor

Permeability 
across blood 
and lymphatic 
endothelium 
[cm/s]

Capillaries and postcapillary 
venules 105:
(for dextran MW=150,000)
7.26±3.29 × 10−8

Postcapillary venules 160:
(for sodium fluorescein)
1.4±0.11 × 10−5

(for α-Lactalbumin)
4.4±0.5 × 10−7

(for BSA)
4.9±0.32 × 10−8

Postcapillary venules 161:
(for 4kDa dextran)
9.2±4.6 × 10−7

(for 10kDa dextran)
3.1±1.3 × 10−7

(for 20kDa dextran)
2.4±1.0 × 10−7

(for 40kDa dextran)
1.9±1.1 × 10−7

(for 70kDa dextran)
1.5±0.5 × 10−7

Venules 162: (for RSA)
3.5±1.0 × 10−7

Collecting lymphatic vessels 162: 
(for RSA)
4.0±1.0 × 10−7

Capillaries and postcapillary venules 
in VX2 carcinoma 105:
(for dextran MW=150,000)
5.7±3.9 × 10−7

Microvascular in adenocarcinoma 
163:
(for BSA)
6.06±4.30 × 10−7

Arterioles and venules in mammary 
adenocarcinoma 156:
(for BSA)
1.7±0.6 × 10−7

2.9±1.5 × 10−7

1.9±0.5 × 10−7

Arterioles and venules in 
glioblastoma 156:
(for BSA)
3.8±1.2 × 10−7

1.1±0.5× 10−8

Vasculature in squamous carcinoma 
164:
(for 3.3kDa dextran) 1.54× 10−5

(for 40kDa dextran) 9.5×10−7

(for 2MDa dextran) 1.7× 10−7

(for BSA) 4.9×10−7

In transwell:
EC monolayer 165:
(for Albumin)
5.6 × 10−6

In microfluidics:
Hollow EC lumen with tumor cells 110:
(for 10kDa)
4.08±1.11 × 10−5

(for 70kDa)
7.5±0.93 × 10−6

Single blood EC tube 87, 91

(for BSA)
5.5±3.5 × 10−6

7.9±3.5 × 10−6

(for 70kDa dextran)
4.1±0.5 × 10−6

(for 332Da fluorescein)
7.0±1.5 × 10−6

Self-assembled blood vessels 101, 107:
(for 70kDa dextran)
8.9±3.1 × 10−7

(for 70kDa dextran)
4.5 × 10−7

(for 150kDa dextran)
1.2 × 10−7

Hydraulic 
conductivity of 
ECM

Hydraulic conductivity (K′) [cm2/mmHg · s]
(From references 166 and 167)

Specific hydraulic conductivity (K) 
[cm2]

Abdominal muscle:
1.5×10−7 to 7.8×10−7

Dermis:
5.3×10−8

Tail skin:
7×10−7 to 1.5×10−6

HSTS 26T sarcoma:
9×10−8

U87 glioblastoma:
6.5×10−7

LS174T carcinoma:
4.5×10−7

MCaIV carcinoma:
2.5×10−6

Type I collagen matrices 143:
3mg/mL: 3 × 10−7

8mg/mL: 3.5 × 10−8

10mg/mL: 7.5 × 10−9

15mg/mL: 9 × 10−10

20mg/mL: 1.5 ×10−10

Type I collagen matrices 168:
10mg/mL: 1 × 10−11
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